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Introduction
In recent years, much attention has been placed on the Internet of Things (IoT) [1] . The IoT refers to a large number of nodes, also called "things" that exchange the data wirelessly across the network. The individual nodes are typically powered by batteries with limited lifetime and currently the IoT urges for development of energy-autonomous nodes and energy harvesting is a key technology addressing such a demand [2, 3] . Multiple energy sources are available within the environment e.g. light, mechanical vibrations, electromagnetic fields, etc., and these can be converted into useable electrical power by means of various transduction methods, including photovoltaic, thermoelectric, electrostatic, and piezoelectric. Because of their numerous advantageous, vibrational piezoelectric harvesters have received much attention [3] [4] [5] [6] [7] [8] . A key challenge of vibrational harvesters is that the devices typically resonate with a narrow frequency bandwidth. This is a major problem because the frequency of the vibration source may vary over time and, as a result, the power generation drops significantly. Many solutions to broaden the bandwidth of vibrational harvesters have been investigated. The bandwidth can be broadened by mechanical tuning of the device stiffness [9] , connecting of multiple devices [10, 11] , introducing a nonlinearity to the device behavior [12] [13] [14] [15] [16] [17] . An alternative approach to bandwidth broadening is to select an application that provides a stable source of vibration [18] [19] [20] . One such source is the AC magnetic field surrounding an AC current-carrying wire such as the power mains of electrical equipment. In this paper, we report on a piezoelectric harvester that scavenges energy from an AC current-carrying wire. In previous work [18] [19] [20] a similar concept was shown; however the device was a macro-scale assembly to enable a low frequency operation (50 -60 Hz). In this work, we demonstrate a smaller device fabricated in MEMS process that also operates at low frequency. 
Device Concept, Description and Fabrication Process

Device Concept
A general concept used in this work is described in Figure 1 and has been proposed by Leland et al. [18] . The device consist a permanent magnet attached to the free-end of a piezoelectric cantilever with the magnetization direction aligned with the mechanical compliance direction of the cantilever. When the cantilever is brought in close proximity to an AC current-carrying wire the magnet couples to the AC magnetic field from the wire. The force acting on the magnet is proportional to the integral of the field gradient over the magnets volume [20] [21] [22] . This, in the most general form, can be described as:
where F M is the vertical force acting on the magnet, B r is the vertical remanence of the magnet, V is the magnet volume, and H z is the vertical component of the magnetic field that, at a given distance from the wire, is proportional to the current magnitude. Since F M is an alternating force, the cantilever vibrates at the frequency of the current and with a displacement that is proportional to its magnitude. From equation 1 it can be concluded that in order to maximize the coupling force F M for a given remanence, magnet volume and current, the field gradient must be maximized. The studies [20, 22] showed that when coupling to a single-wire cord, the field gradient is maximized along a 45 line from the centre of the wire, whereas in case of a double-wire cord, the maximum gradient occurs above the cord centre. The vibrating piezoelectric cantilever acts as a transducer, whereby the induced stress and strain along the cantilever generates an electric potential across the material thickness, e.g. during displacement upwards the top part of the cantilever is under compression while the bottom part is under tension and vice versa for the downward displacement. This is a common operation mode (31) of piezoelectric cantilever-based harvesters. The voltage generated from the harvester depends on the exact geometry of the device and on the effective material properties. In general however, it increases with the mechanical strain developed in the piezoelectric film along the device length. This strain is proportional to the device displacement which depends on the magnitude of the excitation force (F M ) and which can be maximized by driving the device into mechanical resonance [7, [22] [23] [24] . Figures 2(a), (b) and (c) show the top-view, bottom-view and cross-sectional view of the device respectively. The harvester is comprised of a thin device silicon cantilever that supports an extended silicon mass. On the top surface of the cantilever, the piezoelectric capacitor is formed of a titanium (Ti) bottom electrode, an aluminium nitride (AlN) piezoelectric layer, and an aluminium (Al) top electrode. As described above, the capacitor converts the mechanical vibration into a voltage that can be measured across the capacitor. The total length of the device is 10 mm and that includes a 1.5 mm cantilever and 8.5 mm mass. The width of the device is 7 mm and the cavity etched in the mass is 6.5 mm along the device length by 5 mm along the width. The harvesters were fabricated from an SOI wafer with a 17 μm thick device silicon layer, a 1 μm thick buried oxide, and a 535 μm thick bulk silicon. Details of the fabrication process were described elsewhere [25] . . Future devices will use an integrated micro-magnet which will be deposited in the cavity of the mass [26] . For the purposes of concept demonstration, a commercial permanent neodymium magnet (Br = 1.3) was used here. 
Device Description and Fabrication Process
Experimental Results and Discussion
Initial Characterisation
The first resonance of the device, before and after the magnet assembly was measured using Laser Doppler Vibrometry (LDV). The device was excited into vibration by applying a mechanical shock pulse to the clamp holding the device PCB under the vibrometer head. The test results along with the simulated values are summarized in Figure 4 (a). The simulated values of resonance frequency were obtained using a modal analysis in Comsol (model shown in Figure 2 ). The default material properties in Comsol for silicon and AlN were used. The model assumed a 535 μm thick bulk silicon, a 5 x 2.0 x 0.5 mm 3 magnet volume and a 7500 kg/m 3 magnet density. The thicknesses of the device silicon and AlN layer used in the model were 15 μm and 0.4 μm (values measured using SEM). The metal layers and silicon nitride were not considered during simulation. Figure 4(a) shows the measured resonance of the device before and after the magnet was attached. The results show that the resonance drops from around 75 Hz to 39 Hz due to added mass of the magnet. This agrees well with the results obtained from the model. Figures 4(b) and 4(c) show the measured displacement of a device similar to that described above but without the piezoelectric capacitor and with no permanent magnet. This all-silicon device can therefore be considered a purely mechanical test structure. The thickness of the device silicon was 20 μm and the total length was 8.2 mm with the beam and mass lengths equaling 1.2 mm and 7 mm, respectively. The device was excited by a mechanical shaker into two distinct vibration levels. When the device vibrates with low deflections relative to the thickness of the cantilever, the response is linear and symmetrical around a single frequency of 94.9 Hz. In contrast, as can be seen in Figure 4 (c), when the device vibrates with large deflections, the response of the device is nonlinear and asymmetrical about the center frequency: the deflection increases steadily from linear resonance of 94.9 Hz before it jumps down at 95.5 Hz. This is a typical characteristic of a resonator exhibiting spring hardening and can be modeled by a spring element featuring a cubic term in its forcedisplacement relationship as [16, 17, [27] [28] [29] [30] 
where F b is the linear spring component due to the bending strain in the beam that dominates the device stiffness at low displacements and F s is the nonlinear spring component due to the stretching strain that comes into play at large displacements. The k b and k s are the linear and nonlinear spring constants, respectively and x is the displacement. In such a system, the stretching strain causes the spring hardening whereby the stiffness of the cantilever increases and shifts the resonance frequency to the right, as in Figure 4 (c). The full solution of Duffing equation [29] reveals that resonators with nonlinear compliance feature a hysteretic frequency response that depends on whether the frequency is being increased or decreased. The harvesters in this work operate with displacements in the range of millimeters and the mechanical nonlinearity is also evidenced on the device electrical characteristics.
Electrical Test Setup and Experimental Results
In the experiments a custom-built AC current source was used capable of supplying the AC current of various frequencies and amplitudes. Figure 5 shows the image of the device under test. As explained in [20, 22] , to maximize the device displacement and charge generation, the device in its rest position is located such that the magnet is at the angle of approximately 45 o with respect to the wire center. To evaluate the average power from the harvester, the RMS current, in a resistive optimal load of 2 M was measured versus the frequency of the source current of 2 A (RMS). This level of source current actuated the device to the peak amplitude of 3 mm. The frequency sweep-up and sweep-down were performed and results are shown in Figure 6(a) . The average power shown in Figure 6 (b) was calculated according to the formula
It can be seen that the electrical characteristics of the harvester have strong nonlinear behavior due to nonlinear mechanical spring as observed on structure in Figure 4(d) . From the sweep-up data, the power increases steadily with the source frequency up to the peak value of approximately 1.5 μW at frequency of 42.3 Hz, after which the power suddenly drops. This is the jump-down frequency at which the feedback from the stretching strain that causes the beam stiffening can no longer compensate for the increase in the source frequency. By considering the sweep-down response of the device, it is evident that the full characteristic has the hysteresis typical for the Duffing resonators [16, 17, [27] [28] [29] [30] . 
Conclusions and future work
This paper has described a MEMS piezoelectric energy harvester that targets scavenging the energy from the magnetic field surrounding a power line. The device concept, fabrication and test results were presented. To maximize the generated power the device was tested such that its mechanical resonance matches the frequency of the source current. The results revealed that the harvester has a nonlinear mechanical compliance and the average power output of 1.5 μW at 2 A of source current. Further characterisation of the devices should be performed in order to understand the device performance in terms of frequency bandwidth, stability around the jump-down frequency, and reliability. It is anticipated that incorporation of mechanical stops as proposed in earlier studies could broaden the frequency response of the device leading to better device stability, and this will be investigated in subsequent research.
